Transcription of the milk protein β-casein gene is induced by the lactogenic hormones Prl (prolactin) and glucocorticoids. Multiple transcription factors involved in this induction have been identified, including the STAT5 (signal transducer and activator of transcription 5) and the GR (glucocorticoid receptor). Our previous studies have identified a binding site for the ubiquitous Oct-1 (octamer-binding transcription factor 1) protein in the lactogenic hormonal regulatory region of the mouse β-casein promoter. In the present study, we report that Oct-1 is indeed expressed and binds to the β-casein promoter in mammary epithelial cells. Oct-1 activates hormonally induced β-casein promoter activity in a dose-dependent manner. Hormonal induction of promoter activity was decreased not only by mutating the Oct-1-binding site from ATTAGCAT to GCTAGCAT, which abolishes Oct-1 binding (50 % decrease, P < 0.01), but also by changing the site to the consensus Oct-1-binding motif ATTTGCAT (40 % decrease, P < 0.01). Reversing the Oct-1-binding site reduced hormonal induction by 70 % (P < 0.01), showing that orientation of Oct-1 binding is also critical in hormonal action. In transient transfection experiments, Oct-1 collaboratively transactivated the β-casein gene promoter with STAT5 and/or GR in the presence of Prl receptor in cells treated with the lactogenic hormones. The C-terminus of Oct-1 was not essential to its function. The results of the present study provide biochemical evidence that the ubiquitous Oct-1 transcription factor may be involved in hormonally regulated, tissue-specific β-casein gene expression.
INTRODUCTION
Expression of the major milk protein β-casein gene in the mammary gland is primarily regulated at the transcriptional level under the control of the synergistic action of the lactogenic hormones insulin, glucocorticoid and Prl (prolactin) [1, 2] . Thus it provides an attractive model for elucidating the molecular mechanisms of hormonally regulated, tissue-specific gene expression and the interaction of the signalling pathways regulated by two classes of hormones. Transfection studies using reporter plasmids containing nested deletions of the 5 -flanking region of the β-casein gene demonstrated that in the rodent approx. 300 nt of the proximal region are sufficient for induction of β-casein gene transcription by insulin, glucocorticoid and Prl [1, 3, 4] . This LHRR (lactogenic hormonal regulatory region) contains composite positive and negative response elements with multiple binding sites for several transcription factors [1, 2] , including the STAT5 (signal transducer and activator of transcription 5) and the GR (glucocorticoid receptor). Surprisingly, none of these transcription factors are mammary-specific or even lactation stage-specific.
Sequence alignment of the LHRR of mouse, rat, bovine and rabbit casein genes reveals three highly conserved sequences, designated as blocks A, B and C [5] . Blocks A and B contain STAT5-binding sites that are essential for Prl-induced β-casein gene expression [6] . Block C is also critical for hormonal induction of β-casein gene expression. Mutation at block C caused an 84 % reduction in the lactogenic hormone response in primary mammary epithelial cells [7] . Our previous study identified an Oct-1 (octamer-binding transcription factor 1)-binding site that could be responsible for the role of block C in hormonal activation [8] . In addition to blocks A, B and C, the rodent LHRR also contains multiple half-palindromic GREs (glucocorticoid response elements) [9] . Although it does not contain a full GRE, the half-GRE does function in the presence of activated STAT5 to mediate the action of GR on transcription. GR is able to synergize with STAT5 by directly binding to STAT5 and enhancing its DNA binding ability by prolonging the dephosphorylation process [10] [11] [12] [13] .
The Oct proteins are a group of transcription factors that bind specifically to the octamer motif (ATGCAAAT) and related sequences. These cis-acting transcriptional regulatory elements are found in promoters and enhancers of a wide variety of both ubiquitously expressed and cell-type-specific genes [14] . Oct transcription factors belong to a family of structurally related POU domain factors found throughout the eukaryotes. All POU factors share a highly conserved bipartite DNA-binding domain, consisting of an approx. 75-amino-acid N-terminal-specific subdomain (POU S ) and a 60-amino-acid C-terminal homeosubdomain (POU H ), tethered by a variable 14-26 amino acid linker [15, 16] . Oct-1 is the most studied member of the POU factors. It is expressed in all eukaryotic cells and regulates, either positively or negatively, the expression of a variety of genes. These include the RNA polymerase II-transcribed, ubiquitously expressed histone H2B gene [17] and tissue-specific immunoglobulin genes [18, 19] , as well as RNA polymerase IIor III-transcribed snRNA (small nuclear RNA) genes [20, 21] . In regulating basal promoter activity, Oct-1 has been shown to directly interact with several basal transcription factors, including TBP (TATA-box-binding protein) [22] , a component of TFIID (transcription factor IID), TFIIB [23] and MAT1 (cyclin-dependent kinase-activating kinase assembly factor) [24] , a subunit of TFIIH. It has also been shown to interact with many other general or tissue-specific transcription factors and cofactors in mediating specific gene expression. Examples include the interaction with various steroid receptors to mediate hormonal activation of the MMTV (murine-mammary-tumour virus) and GnRH (gonadotropin-releasing hormone) promoters [25, 26] and the interaction with STAT5 on the cyclin D1 promoter in mediating Prl signalling [27, 28] . The crystal structure of Oct-1 shows that the larger POU S preferably binds to ATGC, whereas the smaller POU H contacts the AAAT site on the octamer motif. The central (A/T) pair (ATGCAAAT) is contacted by both POU S and POU H domains [29] .
In the present study, we examined Oct-1 expression and binding to the β-casein promoter in mammary epithelial cells and systematically investigated the role of Oct-1 in hormonal induction of β-casein promoter activity. We demonstrate that the ubiquitous Oct-1 transcription factor may play a critical role in lactogenic hormone-regulated β-casein gene expression.
EXPERIMENTAL

Immunofluorescence microscopy
Mammary gland tissues from a mid-lactating mouse were fixed in 4 % (w/v) paraformaldehyde at 4
• C for 4 h followed by immersion in 0.5 M sucrose in PBS overnight. Following cryoprotection, fixed tissues were embedded in OCT compound (Sakura Finetek, Torrance, CA, U.S.A.), frozen in liquid nitrogen-chilled 2-methylbutane and stored at − 80
• C. For immunohistochemical staining, tissue sections (10 µm) were cut, thaw-mounted on the surface of gelatin-coated slips and incubated in 10 % (v/v) normal goat serum for 30 min at room temperature (22 • C) to block non-specific antibody binding. The sections were then incubated with either diluted (2 µg/ml in PBS with 1 % BSA) anti-Oct-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) or normal rabbit IgG for 1 h at 37
• C. For an additional control, some sections were incubated with anti-Oct-1 antibody that had been pre-incubated with a 5-fold excess control polypeptide (Santa Cruz Biotechnology) at 4
• C overnight. After washing twice in PBS with 1 % BSA for 5 min, the sections were incubated in the dark with an Alexa Fluor ® 647-conjugated secondary antibody (Molecular Probes, Eugene, OR, U.S.A.) at 1:400 dilution for 1 h at room temperature. Following washing three times in PBS with 1 % BSA for 5 min, some sections were counterstained with SYTOX (Molecular Probes) with 1:10 000 dilution in PBS for 5 min at room temperature. Finally, the sections were washed twice in PBS with 1 % BSA for 15 min, once in PBS and once in distilled water before being mounted on glass microscope slips and examined under a confocal microscope (Bio-Rad, Hercules, CA, U.S.A.).
Mouse mammary epithelial cell line HC11 cells were grown in RPMI 1640 supplemented with 10 % (v/v) heat-inactivated fetal calf serum (Gibco, Carlsbad, CA, U.S.A.), 10 ng/ml murine epidermal growth factor (Sigma, St. Louis, MO, U.S.A.), 5 µg/ml bovine insulin (Sigma) and 50 µg/ml gentamicin (Gibco). Cells were grown on glass coverslips to confluency and fixed with 4 % paraformaldehyde in PBS at room temperature for 20 min. The cells were then washed twice in PBS and permeabilized in 0.1 % Triton X-100 (in PBS with 0.5 % BSA) for 15 min at room temperature, followed by washing twice in PBS with 1 % BSA for 10 min. The immunofluorescence staining of the cells was carried out as described above, except using an Alexa Fluor ® 568-conjugated secondary antibody (1:1000 dilution in PBS with 1 % BSA).
ChIP (chromatin immunoprecipitation) assay
The ChIP assay was carried out according to the instructions of the ChIP assay kit (Upstate Biotechnology, Lake Placid, NY, U.S.A.) with minor modifications. HC11 cells were grown as described above to confluency in 150 mm plates. One group of cells was treated with the lactogenic hormones for 48 h by the addition of 0.1 µM Dex (dexamethasone; Sigma) and 5 µg/ml ovine Prl (Sigma) in the presence of bovine insulin but in the absence of epidermal growth factor. Cells were then incubated with 1 % formaldehyde for 10 min at 37
• C to cross-link proteins to the DNA and washed with cold PBS buffer twice before lysis with SDS lysis buffer containing protease inhibitor cocktail (1 mM PMSF, 1 µg/ml aprotinin and 1 µg/ml pepstatin A). Cell lysates were sonicated on ice to shear chromatin to an average DNA length of 200-1000 bp as verified by agarose gel electrophoresis. The sheared chromatin was evenly divided and diluted in ChIP dilution buffer [0.01 % (w/v) SDS, 1.1 % (v/v) Triton X-100, 1.2 mM EDTA, 16.7 mM Tris/HCl (pH 8.1) and 167 mM NaCl]. A small portion of each diluted chromatin was collected, protein-DNA cross-links were reversed, and samples were used as the input DNA control. The rest of chromatin suspension was precleared with Protein A-agarose slurry containing salmon sperm DNA and then incubated with either antiOct-1 antibody or normal rabbit IgG (2 µg) overnight at 4
• C with continual rotation. The Protein A-agarose slurry containing salmon sperm DNA was added to each chromatin solution and incubated for another 2 h at 4
• C with constant rotation. The agarose beads were collected by centrifugation, washed and the antibodybound chromatin was released from the agarose beads according to the manufacturer's instructions. The eluted chromatin was digested with RNase A, cross-links were reversed, samples were digested with protease K and finally purified by phenol/ chloroform extraction and ethanol precipitation. The β-casein promoter was detected by PCR with the forward primer 5 -TA-GAATTTCTTGGGAAAGAC-3 and the reverse primer 5 -CT-TTAGTGGAGGACAAGAGA-3 . The amplicon is 193 bp. For a negative control, the β-actin sequence was also amplified from the eluted chromatin using primers mβActin-F and mβActin-R [30] . The PCR conditions for ChIP assay were 5 cycles of 94
• C for 30s, 60
• C for 30s, 72
• C for 1 min and 30 cycles (23 cycles for β-actin) of 94
• C for 30 s, 50
• C for 30 s and 72
• C for 1 min.
Plasmid constructs
Mouse Oct-1B (mOct-1B/pcDNA3.1) and Oct-1Z expression plasmids (mOct-1Z/pcDNA3.1) and the wild-type mouse β-casein promoter (− 258/+ 7) construct (LHRR WT /pGL3) have been described previously [30] . Mouse STAT5A (mSTAT5a/ pECE) expression plasmid and its corresponding vector plasmid pECE were provided by Dr Wolfgang Doppler (Institute of Medical Chemistry and Biochemistry, University of Innsbruck, Innsbruck, Austria) [31] . Mouse long-form Prl-R (Prl receptor) expression plasmid (mPRLR/pEF6C) was provided by Dr Russell Hovey (Department of Animal Science, University of Vermont). Mouse GR expression plasmid (mGR/pSV2Wrec) was provided by Dr John Cidlowski (Molecular Endocrinology Group, Laboratory of Signal Transduction, National Institute of Environmental Health Science, Research Triangle Park, NC, U.S.A.) [32] . The cDNA sequences of mouse GR was amplified from the mGR/pSV2Wrec by PCR using Pfu DNA polymerase (Stratagene, La Jolla, CA, U.S.A.) and primers mGR-F (5 -ATAAGAATGCGGCCGCTAATATTTGCCAATGGAC-3 ) and mGR-R (5 -GGGGTACCCAAACAAAAAGAACGACAAAAC-ATC-3 ), which contain NotI and KpnI restriction enzyme sites respectively. The PCR product was gel-purified and cloned into the TA cloning vector pCR2.1 (Invitrogen). The cDNA sequence of mGR was then excised from the pCR2.1 vector and subcloned into a mammalian expression vector pcDNA3.1(-) (Invitrogen)
to form mGR/pcDNA3.1. The mutant mouse β-casein LHRR luciferase constructs were generated by a PCR-based mutagenesis method [33] and the PCR products were cloned into the pGL3 basic vector (Promega, Madison, WI, U.S.A.). A C-terminal truncation of Oct-1, which contains the first 13 exons of mouse Oct-1 [30] , was amplified from mOct-1B/pcDNA3.1 using primers (5 -GCTCTAGAGCGAGTCAAGATGAGAGTTC-3 and 5 -TT-GGTACCTCATGTAAGAGAGAGATTAGTC-3 ), and then subcloned into pcDNA3.1(-) to form Oct-1 N13 /pcDNA3.1. All sequences generated by PCR were confirmed by sequencing.
Transient transfection and luciferase assay
COS-7 cells were grown in Dulbecco's modified Eagle's medium (Gibco) adjusted to contain 4 mM L-glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 1.0 mM sodium pyruvate, 10 % fetal calf serum, 100 000 units/l penicillin, 100 000 µg/l streptomycin and 250 µg/l amphotericin B (Gibco). Before transfection, COS-7 cells were seeded 1.5 × 10 5 cells/well in 12-well plates or 3 × 10 5 cells/well in 6-well plates and grown in a humidified incubator at 37
• C and 5% CO 2 overnight to 70-80 % confluence. In basal promoter activity studies, COS-7 cells were co-transfected with varying amounts of Oct-1 expression plasmid and wild-type or mutant β-casein promoter construct using Lipofectamine TM (Invitrogen) following the manufacturer's instructions. After 5 h, transfection medium was replaced with normal growth medium, and cells were harvested after 36 h. In the hormonal induction experiments, wild-type or mutant β-casein promoter constructs and expression plasmids of STAT5A, Prl-R and GR were co-transfected into COS-7 cells with or without Oct-1 plasmid for 5 h. Transfection medium was then replaced by starvation medium (serum-free normal medium). After 13 h, the starvation medium was replaced by the hormone treatment medium [serum-free normal medium plus 5 µg/ml Prl (Sigma) and 0.1 µM Dex (Sigma)]. Cells were harvested after 24 h of hormone treatment. In all experiments, TK-Renilla luciferase control plasmid (pRL-TK, Promega) was used as an internal control to normalize transfection efficiency. The total amount of transfected DNA in each experiment was balanced by corresponding empty vectors. For the luciferase assay, cells were lysed using Promega Passive Lysis Buffer. The activities of firefly luciferase and Renilla luciferase in cell lysates were quantified by the Promega DualLuciferase Reporter Assay system using a Promega Turner Designs Luminometer Model TD-20/20 Genetic Reporter system.
Western-blot analysis
Whole cell protein lysates were prepared from COS-7 cells by the addition of RIPA lysis buffer consisting of 50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 % (v/v) Triton X-100, 1 % (w/v) sodium deoxycholate and 0.1 % (w/v) SDS with freshly added protease inhibitor cocktail (Sigma). The protein concentration of cell lysates was determined using the Bio-Rad Protein Assay kit. Equal amounts of protein from each treatment were subjected to Western-blot analysis as described previously [8] using specific antibodies against Oct-1, STAT5 or GR (Santa Cruz Biotechnology).
Statistical analysis
The statistical analyses of normalized luciferase activities between treatments were carried out using Minitab 14 statistical software. Where comparisons were among more than two groups, Tukey's one-way ANOVA was performed. Comparisons between two groups were carried out using t test.
Figure 1 Expression and localization of Oct-1 by immunocytochemistry in mouse mammary gland and HC11 cells
The sections of mammary tissue from a mid-lactating mouse (A-D) and HC11 cells (E, F) were incubated with either normal rabbit IgG (D) or anti-Oct-1 (A-C, E, F). In (C), the anti-Oct-1 antibody was pre-incubated with corresponding control peptide before applying to the tissue section. The immunostaining was detected by fluorochrome-coupled secondary antibodies and analysed with a confocal microscope. In (B, F), the tissue section or cells were counterstained with SYTOX nuclear stain.
RESULTS
Oct-1 is expressed and binds to the β-casein promoter in the mammary epithelial cells
Previous in vivo and in vitro studies suggested a role for Oct-1 in regulating β-casein gene expression by lactogenic hormones [8] .
To study this role, we first used immunohistochemical staining to examine Oct-1 expression and localization in mammary epithelial cells in a tissue section and in a mouse mammary epithelial cell line, HC11. As shown in Figure 1 , Oct-1 is expressed in the alveolus epithelial cells of the mammary gland with subcellular localization to the nucleus and cytoplasm ( Figures 1A and 1B) and in HC11 cells with subcellular localization to the nucleus and perinucleus regions (Figures 1E and 1F) . Control staining using normal rabbit IgG or anti-Oct-1 pre-incubated with the control peptide reduced the signal to autofluorescence levels (Figures 1C  and 1D ; autofluorescence data and HC11 control data not shown).
In order to examine the occupancy of Oct-1 on the endogenous β-casein promoter in mammary epithelial cells, we performed ChIP assays in HC11 cells in the presence or absence of the lactogenic hormones Prl and Dex. Based on the location of the Oct-1 motif, primers were prepared to amplify the LHRR region of the β-casein promoter (Figure 2) . Specific binding of endogenous Oct-1 was demonstrated using a specific anti-Oct-1 antibody in both hormone-treated and non-treated cells (Figure 2 , lanes 9 and 11). As negative controls, normal rabbit IgG was either unable to immunoprecipitate the same DNA-protein complexes or did so at a very low level (Figure 2, lanes 8 and 10) and β-actin primers were not able to amplify any product from the anti-Oct-1 
Oct-1 functionally interacts with STAT5 and GR in the hormonal induction of β-casein promoter activity, and this interaction is Prl signalling-dependent
Transcription of the β-casein gene in the mammary gland is under the control of the synergistic action of the lactogenic hormones glucocorticoid and Prl, mediated through the interaction between STAT5 and GR on the LHRR ( Figure 3A ) [34] . In order to study the role of Oct-1 in this process, co-transfection experiments were performed. We adapted a widely used reconstituted COS-7 cell system in which COS-7 cells were reconstituted to be lactogenic hormone-responsive by the transfection of STAT5, Prl-R and GR expression plasmids [34] . The reconstituted COS-7 cells were co-transfected with the β-casein promoter/luciferase construct and treated with lactogenic hormones (Prl and Dex). The reporter luciferase activity could be induced over 200-fold by hormonal treatment in our experiments (results not shown). When increasing amounts of Oct-1 expression plasmid were transfected into the reconstituted COS-7 cells, the reporter luciferase activity under hormonal treatment was further increased by up to 150 % ( Figure 3B ). This indicated that Oct-1 also activates hormonal induction of β-casein promoter activity and that this activation is dose-dependent. These results also suggested that Oct-1 may functionally interact with one of the hormone-responsive factors, Prl-R, STAT5 and GR, or with the combined action of these factors in hormonal induction. To explore these interactions, individual expression plasmids of Prl-R, STAT5 and GR, or various combinations of these plasmids, were transfected into COS-7 cells along with or without the Oct-1 plasmid, and the cells were then treated with lactogenic hormones. Consistent with previous studies [34, 35] , the hormonal induction of the promoter activity was only marginal when either Prl-R, STAT5 or GR was missing, regardless of whether Oct-1 was co-transfected ( Figure 3C ). When Prl-R, STAT5 and GR (Groups 1, 2 and 3) individually or both STAT5 and GR (Group 6) were transfected with or without Oct-1, the hormonal induction of the promoter activity remained at the basal activity levels. However, Oct-1 showed a strong synergy in the groups where Prl-R was transfected with either STAT5 or GR (Groups 4 and 5) (P < 0.05) in addition to the group with all of the three components transfected (Group 7) (P < 0.01). Thus Oct-1 can functionally interact with both STAT5 and GR individually. However, these interactions depend on the presence of the Prl signalling pathway, and the most dramatic activation requires the interactions of Oct-1 with both STAT5 and GR together. The core Oct-1-binding site in the mouse β-casein promoter (ATTAGCAT) varies by one base-pair from the complement of the classic octamer motif (ATGCAAAT). DNA-binding studies have shown that the binding of the Oct-1 POU domain has sequence specificity with the binding consensus of a(a/t)TATGC(A/ T)AAT(t/a)t [16] . To study the role of Oct-1 binding in the hormonal induction of β-casein promoter activity, a promoter construct (Mut-Oct, Figure 4A ) was made with mutations at the Oct-1-binding site (CGTAGCAT) which abolished Oct-1 binding [8] . The activity of this promoter construct was compared with the wild-type promoter construct (WT, Figure 4A ), a construct with mutations in block B of the WT which abolished STAT5 binding (Mut-BlcB, Figure 4A ), and a construct carrying both the MutOct and Mut-BlcB mutations (db-Mut, Figure 4A ). To study the significance of the discrepancy in sequence and orientation of the mouse β-casein promoter Oct-1-binding site relative to the classic octamer motif, three further mutations, Mut-1, Mut-2 and Mut-3, were generated ( Figure 4A ). In Mut-1, the exact complement of the classic octamer motif was made by changing A to T at the fourth position. Based on an in vitro binding study, Oct-1 has a slight binding preference for T versus A at this position [14] . In Mut-2, the octamer site orientation was reversed to ATGCTAAT. In Mut-3, the octamer site was reversed in its orientation and mutated at the fourth position to exactly match the classic octamer motif.
First, the basal activities of different promoter constructs with or without exogenous Oct-1 were compared ( Figure 4B ). In COS-7 cells without transfection of Oct-1 plasmid (open bars), the basal promoter activities of Mut-Oct, Mut-1, Mut-2, Mut-3, MutBlcB and db-Mut were reduced by 83, 33, 89, 86, 75 and 93 % respectively compared with the wild-type promoter (P < 0.01). In COS-7 cells transfected with exogenous Oct-1 (closed bars), the basal promoter activity increased 1-4-fold in all constructs, including a weaker activation in the constructs with mutations to block Oct-1 binding (Mut-Oct and db-Mut) (P < 0.05). However, the relative activity of the different mutations remained the same: the basal activities of these constructs decreased by 87, 42, 92, 92, 69 and 93 % respectively.
Secondly, the response of these β-casein promoter mutation constructs to hormonal induction was investigated ( Figure 4C ). The reconstituted COS-7 cells were co-transfected with the individual promoter constructs, followed by Prl and Dex treatment for 24 h. The hormonal induction of Mut-Oct, Mut-1, Mut-2, Mut-3, Mut-BlcB and db-Mut was reduced by 66, 31, 69, 74, 97 and 98 % respectively compared with the wild-type construct (open bars). Similarly, in the presence of exogenous Oct-1 expression, the hormonal induction was reduced by 54, 43, 71, 74, 98 and 99 % respectively (closed bars).
These results indicate that Oct-1 binding and the integrity of the Oct-1-binding site in block C are critical for both the basal activity and the hormonal induction of the β-casein promoter. Prevention of Oct-1 binding to block C reduced the promoter activity and the hormonal induction by 54-87 % (Mut-Oct) (P < 0.05). However, at least part of the active role of Oct-1 in these processes was not dependent on its binding to block C since exogenous Oct-1 still enhanced the activity of Mut-Oct. Both the basal activity and hormonal induction decreased when the Oct-1-binding site was mutated to the exact classic octamer motif (Mut-1 and Mut-3) (P < 0.05), although in vitro binding assays showed that the POU domain has a higher binding affinity to the octamer motif [14] .
Our results also clearly demonstrate that the orientation of the Oct-1-binding site in the β-casein promoter is critical for promoter activity as reversal of the octamer site to the same orientation of the classical octamer motif severely reduced both the basal activity and its hormonal induction (Mut-2 and Mut-3) (P < 0.01). The essential role of the STAT5-binding site in hormonal induction (Mut-BlcB and db-Mut) has been demonstrated in several studies [11, 12] . Our results also show that the STAT5-binding site also plays an essential role in basal promoter activity.
The C-terminal sequence of Oct-1 has different effects on the basal activity of the β-casein promoter and its hormonal induction Our previous study reported that multiple splicing isoforms of the Oct-1 gene are expressed in mammalian cells [30] . The major difference among these isoforms occurs at the C-terminus, which contains activation domains for various gene promoters [30] . In the mammary gland, at least two isoforms, Oct-1B and Oct-1Z, are expressed [8, 30] . Oct-1Z has a much shorter and different C-terminal tail after the POU homeodomain compared with the major isoform, Oct-1B. To study the role of the C-terminal sequence of Oct-1 in activation of the β-casein promoter, we compared the activities of Oct-1B, Oct-1Z and a truncated Oct-1, which contains a C-terminal deletion after the POU domain, by transfection assays ( Figure 5 ). Consistent with our previous observations, Oct-1B and Oct-1Z showed no difference in activating basal promoter activity [30] , whereas the truncated Oct-1 increased activation by 37 % over Oct-1B ( Figure 5A ) (P < 0.05). This implies that the activation domain of Oct-1 involved in the regulation of β-casein promoter basal activity is located in the N-terminal region and/or in the POU domain. The C-terminal sequences of Oct-1B and Oct-1Z slightly repress the activation. In contrast, different effects of these isoforms were seen in the hormonal induction of the β-casein promoter ( Figure 5B ). Exogenous Oct-1Z increased the hormonal induction only by 30 %, 100 % less compared with Oct-1B (P < 0.01), whereas truncated Oct-1 did not show a significant difference. These results indicate that the C-terminal domain of Oct-1 has a more specific role in hormonal regulation than in basal activation. Although the C-terminal sequence of Oct-1 is not essential for the activation of hormonal induction by Oct-1, the shorter C-terminal sequence in Oct-1Z showed significant decreases in this activation.
DISCUSSION
Previous in vitro and in vivo studies suggest that Oct-1 may play a role in the hormonal induction of β-casein expression [7, 8] .
In the present study, we first examined Oct-1 expression and localization in mammary epithelial cells where the milk protein β-casein is synthesized and verified the binding of endogenous Oct-1 to β-casein chromatin in mammary epithelial cells. A COS-7 cell co-transfection assay was then adapted to study the role of Oct-1 in the hormonal regulation of β-casein transcription. COS-7 cells do not express endogenous Prl-R and STAT5 and only express trace amounts of GR [34] , but can be reconstituted to become lactogenic hormone-responsive by transfection with these factors. Thus COS-7 cells have been widely used in co-transfection assays for studying the synergistic interactions between these factors in Prl and glucocorticoid signalling [10, 12, 31, 34] . In the present study, the COS-7 cell cotransfection assays clearly demonstrated an active role for Oct-1 in the regulation of β-casein transcription by the lactogenic hormones Prl and GR. The active role of Oct-1 in the regulation of β-casein transcription by lactogenic hormones in addition to its active role in basal promoter activity is supported by the following evidence: (i) the induction of β-casein promoter activity by Prl and Dex is enhanced by Oct-1 in a dose-dependent manner; (ii) all mutations of the Oct-1-binding site that either block Oct-1 binding, match the classical octamer motif, or reverse the orientation reduce the hormonal response by up to 87 %. A similar reduction of the hormone response was observed in primary mammary cells [7] ; (iii) the hormonal response of the promoter is differentially affected by alternative Oct-1 isoforms; and finally (iv) lactogenic hormones induce Oct-1 binding to the β-casein promoter in mammary gland tissue [8] and primary mammary epithelial cells [7] . Although our ChIP assay did not detect increased Oct-1 binding to the endogenous β-casein promoter after hormonal treatment for 48 h, any increasing Oct-1 binding may not have been sustained over this time period. Kabotyanski et al. [36] have recently reported that the binding of STAT5 and GR to the β-casein promoter rapidly increases in the first half hour following hormonal induction, then decreases dramatically and shows either no increase or a small increase after 24 h.
Although our results show clearly that binding of Oct-1 to block C is critical for hormonal induction of the β-casein gene promoter, the binding itself is not sufficient for induction of transcription. Transfection of the Oct-1 expression plasmid into COS-7 cells results in a large increase in Oct-1 binding activity to block C, while the promoter activity only increases by a few fold [8] . However, the promoter activity increases by several hundred fold in the presence of STAT5, Prl-R, GR and hormone treatment. Therefore it is the functional partnership of Oct-1 with Prl-R, STAT5 and GR that efficiently activates the promoter, and this partnership requires lactogenic hormone signalling. This is also in agreement with many reports that Oct-1 alone is a weak transcriptional activator and its activation is potentiated by interaction with other factors [37] [38] [39] [40] [41] [42] .
The role of STAT5 and GR in Prl and glucocorticoid signalling in LHRR induction has been well studied. The synergistic cooperation of Prl and glucocorticoid is mainly mediated by physical interaction of STAT5 and GR [34, 43] . This interaction helps GR to bind to the half-GREs, enhance STAT5 DNA binding, protect STAT5 from inactivation by dephosphorylation, and recruit other co-activators. Our study indicates that Oct-1 is also integrated in Prl and glucocorticoid signalling and may interact with both STAT5 and GR. Previous studies have already shown that Oct-1 can directly interact with GR either positively or negatively in a promoter-specific manner. For example, on MMTV and mouse GnRH promoters, the interaction of Oct-1 and GR is required for transactivation [25, 26] , while interaction of Oct-1 with GR is involved in the repression of the histone H2b promoter [44] . Recently, Oct-1 was shown to form a stable complex with STAT5 on the cyclin D1 promoter, and Oct-1 is essential for recruitment of STAT5 to cyclin D1 GAS2 (γ -interferon activation sequence 2) elements [27, 28] . Thus it is possible that Oct-1 physically interacts with both STAT5 and GR on the β-casein promoter.
Our observations indicate that the effect of exogenous Oct-1 depends on the original strength of the promoter activity before introducing Oct-1 into the cell, and exogenous Oct-1 functions as an amplifier of the original hormonal response. Oct-1 even amplifies the activity of the promoter with a mutation to block Oct-1 binding although the overall hormonal induction is significantly lower in this promoter. This may indicate that the role of Oct-1 is much stronger when Oct-1 binds to the promoter, but that binding may not be essential. In addition, our results showed that the orientation of the Oct-1-binding site in the promoter is critical in hormonal regulation. The Oct-1-binding site in the β-casein promoter is in reverse orientation to the classic octamer motif. Switching its orientation to match with the classic octamer motif severely reduced the promoter's response to hormones. Structural and biochemical studies of Oct-1 POU domain-DNA interactions have shown that the binding of Oct-1 to the octamer motif has a specific orientation: the larger Oct-1 POU S preferably binds to ATGC, whereas the smaller POU H contacts the AAAT site [29] . Thus changing the orientation of the Oct-1 site in the β-casein promoter would change the orientation of Oct-1 when binding to the promoter, which may disrupt the interactions of Oct-1 with STAT5, GR and the transcription machinery, resulting in a reduced hormonal response.
In summary, the results of the present study provided biochemical evidence that Oct-1 functionally interacts with lactogenic hormone-responsive factors STAT5 and GR and play an important role in lactogenic hormone activation of β-casein gene expression.
